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The activity of motors along with passive crosslinkers play a vital role in maintaining the integrity
of the mitotic spindle structure and in generating spontaneous oscillations. While the structural
features and properties of the individual motors are well characterized, their implications on the
functional behaviour of motor-microtubule complexes is more involved. We show that the catchbond
behaviour of individual dynein motors manifests as a generic mechanism of generating spontaneous
oscillations in such complexes. The results reported here elucidate the central role of catchbond medi-
ated mechanism in fashioning a distinctive stability behaviour and oscillations in motor-microtubule
complexes, such as mitotic spindles.
Dynein and kinesin motor proteins are two of the es-
sential active cell constituents. They are involved in a
variety of different intracellular processes ranging from
intracellular transport [1–6] to shaping and regulating
the mechanical behaviour of the cytoskeletal filament cell
constituents [7–11]. In particular, the interplay of the
active forces generated by these motor proteins with the
entropic forces generated by passive proteins is crucial in
understanding the stability behaviour of filament-motor
complexes [12–15].
What has hitherto not been probed adequately is how
the different facets of individual single motor manifest
in terms of their functional role in shaping the stabil-
ity characteristics of these complexes. This is especially
relevant in the context of the mitotic spindle assembly
stability, where these motors are known to be involved in
the formation, maintenance and oscillations of the spin-
dle structure [7, 11, 14].
Structurally, kinesin and dynein motor families are
very distinct [10, 16, 17]. This difference evinces itself
not only in the directionality of their movement along
microtubules, but also in their unbinding characteristics
in response to an opposing load force [10, 18–21]. It has
been observed that dynein motors exhibit catchbonding,
wherein the motor unbinding rate decreases when sub-
ject to a loading force [20]. It has been argued that
this can lead to catchbond-mediated bidirectional trans-
port [21, 22], which can manifest as anomalous cellular
cargo transport, characterized by an overall decline in the
motility of the cellular cargo in both directions on inhibit-
ing the activity of one type of motor- a phenomenon also
referred to as the paradox of codependence [22, 23].
In this letter, we study the implications of dynein
catchbonded behaviour on the stability of motor-
microtubule complexes. We find that this catchbonded
nature of dynein motors leads to a generic mechanism of
generation of spontaneous oscillations and results in very
distinctive stability behaviour, including bistable and
non-linearly stabilised motor-microtubule complexes. We
further argue that this study has important implications
for the stability behaviour and oscillations in mitotic
spindles, where such motor-microtubules complexes are
the primary constituents of the spindle structure. In or-
der to shed light on the generic mechanism of genera-
tion of spontaneous oscillations and analyze the stabil-
ity behaviour in such motor-microtubule complexes, we
adopt a minimalist approach to describe the stability
behaviour of a system comprising of a pair of overlap-
ping microtubules (MTs), dynein motors and confined
passive crosslinkers (Fig.1). For this minimal arrange-
ment, dynein motors in the overlap region can crosslink
the MTs and generate sliding forces which tend to de-
crease the overlap length (l), while the confined passive
proteins (P) generate an entropic force which tends to
increase the overlap length [12]. The force exerted by
Np passive proteins confined to the overlap region reads
Fp = Np/l, where  is the passive proteins binding en-
ergy. We distinguish between two population of motors:
i) nc crosslinked motors - which are bound to both the
filaments and hence cause mutual sliding of the filaments,
while experiencing a load force Fp, and ii) nb bound mo-
tors - which are bound to only one of the MT filaments,
and hence exerts no sliding force nor feel the effect of the
force due to passive proteins. The dynamic equation for
l can be expressed as,
dl
dt
= −2v0 Θ (ncfs − Fp)
(
1− Fp
ncfs
)
+
Fp
Γ
(1)
where fs is the stall force for single dynein motor, v0 the
single dynein velocity in the absence of load force, and Γ
is the friction constant. For simplicity, we have assumed
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FIG. 1. Schematic diagram of the antiparallel MT-motor
complex in presence of passive crosslinkers (P). Unbound mo-
tors (U) attach to any of the MTs with rate k3Db , bound mo-
tors (B) crosslink at rate kb whereas they detach from the MT
at a rate k0u. Crosslinked motors (C) become bound motors
with detachment rate ku under a load force Fp.
a linear force-velocity relation for the crosslinked dynein
motors [24], zero backward velocity of these crosslinked
motors in superstall conditions [25], and that the load
force Fp due to passive proteins is shared equally by the
crosslinked dynein motors [24, 25]. The Heaviside, Θ
function ensures that motor sliding contributes to the
change in l only below the stall condition for forces on the
crosslinked motors, whereas above stall the dynamics of
the overlap length is governed only by the entropic forces
exerted by the confined proteins.
The kinetics of motor (un)binding in the overlap re-
gion is expressed in terms of rate equations. The
crosslinked dynein motors are subject to Fp and they
can exhibit catchbond behaviour beyond the threshold
force, fm [20]. Incorporating the dynein catchbonded be-
haviour in a phenomenological threshold force bond de-
formation model [21, 22], the filament crosslinked dynein
unbinding rate reads,
ku = nck
0
u exp[−Ed(Fp) + Fp/(ncfd) ]
where fd denotes the characteristic dynein detachment
force in the slip region (Fp < ncfm), and the deformation
energy Ed is activated when Fp > ncfm, reads [21],
Ed(Fp) = Θ(Fp − ncfm) α
[
1− exp
(
−Fp/nc − fm
f0
)]
where, α measures the catchbond strength, while f0 de-
notes the force scale associated with the catchbond de-
formation energy. The dynamic equation for nc is,
dnc
dt
= kbnb − k0unc exp(η) (2)
with,
η =
Fp
ncfd
−Θ
(
Fp
nc
− fm
)
α
[
1− exp
(
−Fp/nc − fm
f0
)]
Here, kb and k
o
u are the rates with which the bound mo-
tors are converted to crosslinked state and vice-versa, in
the absence of external load force. Specifically, bound
motors are lost due to conversion to crosslinked motors
(rate kb), and due to unbinding from the MT filament
(rate k0u), while the gain terms are due to conversion
from crosslinked motors (rate k0u), binding of free motors
from the bulk onto the overlap region of the filament
(rate k3Db ), and due to the incoming flux (J) of bound
motors from the two ends of the overlap region. The
corresponding dynamic equation for nb is,
dnb
dt
= kounc exp(η)− (kou + kb)nb + k3Db ρ3dl + 2J (3)
where, ρ3d is the linear density of the dynein motors in
the bath. In the limit of l being much smaller than the
MT length, the incoming flux from a single end is J =
k3db ρ3d
k0u
[
v0 +
dl
dt
]
[26, 27]. Eqs.(1-3) quantify the temporal
behaviour of the MT-motor complex. The corresponding
dimensionless equations read,
dl˜
dτ
= −2f˜sΘ
(
nc − Npζ
l˜
)[
1− Npζ
nc l˜
]
+
2Npζf˜s
2
l˜Γ˜
(4)
dnc
dτ
= γnb − nc exp(η) (5)
dnb
dτ
= nc exp(η)− (1 + γ)nb + ∆n
[
l˜
f˜s
+ 2
]
(6)
+ 4∆n
[
Npζf˜s
l˜Γ˜
−Θ
(
nc − Npζ
l˜
)(
1− Npζ
nc l˜
)]
in terms of the rescaled variables l˜ = f˜sl/lp ,
lp = v0/k
0
u , f˜s =
bfs
kBT
, τ = tk0u , le =
b
kBT
, ζ = le/lp ,
Γ˜ = 2bv0ΓkBT , f˜0 =
bf0
kBT
, f˜d =
bfd
kBT
, f˜m =
bfm
kBT
, ∆n =
k3Db ρ3Dv0
k0u k
0
u
, γ = kb/k
0
u,
The dynamics of motor-MT complexes is solved us-
ing experimental estimates of the relevant model pa-
rameters, as listed in Table I (Supplementary Material).
This allows us to analyze the effective response of MT-
motor systems in biologically relevant regimes. Specif-
ically, using available experimental data for single mo-
tors and passive proteins, we estimate the typical oscilla-
tion period, oscillation amplitude and overlap length of
the MTs. Since the single dynein motor velocity, vo =
0.1 µms−1 [28], and bare unbinding rate k0u = 1 s
−1 [28],
then lp = 0.1 µm. For a characteristic thermal energy,
kBT= 4.2 pN-nm and length scale associated with motor
unbinding, b = 1.3 nm [29], one gets le = 2.6 nm. The
stall force for cytoplasmic dynein, which can be modu-
lated by using dynactin and BICD2N complexes [30], has
reported values fs = 1.25 pN [31], leading to f˜s ∼ 0.39,
while for yeast dyenin, fs = 7pN [32], corresponding to
f˜s ∼ 2.17. Reported binding rates, kb = 1 s−1[33] and
k3Db ρ3D = 60 µm
−1s−1, lead to ∆n = 6, which may vary
at least over a range 0.5 − 10 on varying physiological
conditions. We also use the estimated passive crosslinker
3FIG. 2. Stability diagram of a MT-motor complex as a function of f˜0. (a) f˜0 = 309.52 (fo ≈ 1000 pN), (b) f˜0 = 24.76 (fo ≈ 80
pN), (c) f˜0 = 15.47 (fo ≈ 50 pN) and (d) f˜0 = 11.98 (fo ≈ 38.7 pN). All other parameters are Np = 100, kb = k0u = 1 /s (∴
γ = 1), v0 = 100 nm/s, Γ˜ = 2.6, f˜d = 0.2 (fd ≈ 0.67 pN), α = 68, f˜m = 0.43 (fm ≈ 1.4 pN), b = 1.3 nm,  = 2kBT .The red
solid line depicts the boundary between linearly stable (white) and unstable (cyan) regions. Green areas indicate regions where
limit cycles can be sustained and yellow shaded areas signal regions where the complex displays bistable behaviour. Panels
(e-h) depict the unbinding rate of a single dynein motor under load force, f , for the f0 values of panels a-d, while blue dashed
line gives the reference curve when f˜s = f˜m Panels (i-l) show the bifurcations diagrams as a function of f˜s in different regions
of the phase plane, as indicated by the dashed lines in panels (a-c). The solid blue lines indicate a stable branch, while the
dashed red lines indicate unstable solutions.
binding energy  = 2kBT [15]. Quantitative estimates
of the friction coefficient of passive crosslinkers propose
Γ˜ = 2.6 for a few hundred passive proteins [12]. Fi-
nally, the observed unbinding rates of single dynein for
different load forces can be replicated with catchbond
strengths f˜0 = 11.98, and α = 68, f˜d = 0.2 [20, 21].
The fixed points of Eqs.(4-6), nfc , n
f
b , l˜
f , must fulfill
the constraint nfc l˜
f > Npζ. They are determined by
numerically solving
∆nγ
[
l˜f − 2f˜s + 4Npζf˜
2
s
l˜f
(
1
nfc f˜s
+
1
Γ˜
)]
= nfc f˜s exp(η
f )
(7)
l˜f = Npζf˜s
(
1
nfc f˜s
+
1
Γ˜
)
, (8)
using nfb = n
f
c exp(η
f )/γ, where ηf = η(nfc , n
f
b , l˜
f ).
A linear stability analysis about the fixed points identi-
fies the parameter ranges where the motor-MT complexes
correspond to linearly stable morphologies (see Supple-
mentary methods for details). In order to quantify the
effect of catchbonding, we analyze the motor-MT com-
plexes stability as f0 is varied for a fixed α. If the catch-
bonding force differs from the motor stall force (fm 6= fs
) [21], in the absence of catchbonding (f0 → ∞) the
phase diagram has just two morphologies corresponding
to a linearly stable and unstable overlapping MTs. This
is shown in Fig. 2(a) in the ∆n− f˜s plane, where ∆n is a
tunable biological parameter associated with the propen-
sity of the motor to bind to the MT filament. A corre-
sponding typical bifurcation diagram is shown in Fig. 2(i)
for ∆n = 10. At low values of the bifurcation parame-
ter, f˜s, the system has a single stable fixed point. As f˜s
increases, the system first undergoes a saddle-saddle bi-
furcation producing two new unstable fixed points when
f˜s ' 1.2. As f˜s is further increased, the stable config-
uration becomes unstable via a Hopf-bifurcation when
f˜s ' 1.6. At even larger values (e.g. f˜s ' 1.9), a reverse
saddle-node bifurcation takes place, characterized by the
disappearance, through coalescence, of the two unstable
configurations. Only one unstable fixed point remains at
larger f˜s. As l increases, the force due to passive con-
fined crosslinkers would decrease because the force due
to passive crosslinkers scales as ∼ 1/l. Thus for suffi-
ciently large l, it would be counteracted by the force due
to crosslinked motors, which in turn would lead to an
overall decrease of l. On the other hand, no instabili-
ties can develop asymptotically when l→ 0, because the
force due to passive crosslinkers would always be able to
counteract the forces due to crosslinking motors. Thus
this kind of limiting behaviour at large and small over-
lap lengths will always lead to an effective negative feed-
back loop characterized by large amplitude oscillations.
However when l is very large, the number of crosslinked
motors approaches zero and therefore the continuum evo-
lution equation that we have used for our analysis ceases
4to be valid in this limit since the quantitative estimate
of the oscillation magnitude needs to account for the dis-
crete nature of the motor numbers involved.
The effect of the catchbond strength can be assessed
by varying the catchbond force scale f0. For weak catch-
bonds (f˜0 = 24.76), the unbinding rate increases with op-
posing load forces, although it exhibits a kink at f = fm,
for which the rate of increase of unbinding rate is slower
owing to the catchbond (see Fig. 2(f)), as shown in
Fig. 2(b). For a small ∆n(∆n . 8), the complex first be-
comes unstable, as in the non-catchbonded regime. On
increasing f˜s further, the system shows a re-entrant tran-
sition where the complex displays stable overlap, before
finally becoming unstable at higher f˜s. The correspond-
ing bifurcation diagram is shown in Fig. 2(j) at ∆n = 6.
The system always has one single fixed point. As f˜s is in-
creased, this fixed point changes stability from stable to
unstable to stable to unstable through a series of bifurca-
tions (Hopf, saddle and Hopf). This re-entrant behaviour
can be qualitatively understood because at intermediate
f˜s, the load force on individual motors is high enough for
them to be catchbonded and thus the unbinding rate is
relatively small compared to pure slip case. This leads
to a higher number of motors attaching to the filament
than in absence of catchbonding, which in turn implies
that the the sliding forces exerted by the motors counter-
balance the passive crosslinker force, hence resulting in
the complex stabilization. At higher values of f˜s, the un-
binding rate is sufficiently high such that the remaining
motors are no longer able to stabilize the complex, and
thus the MT-motor complex is destabilized again. For
larger ∆n ( ∆n & 8), the complex displays bistability
for a range of f˜s. A representative bifurcation diagram is
shown in Fig. 2(k) at ∆n = 10. For small f˜s, the complex
displays a single stable fixed point. Beyond a critical f˜s,
the system undergoes a saddle-node bifurcation leading
to the emergence of a new stable fixed point, in addi-
tion to an unstable fixed point. This corresponds to the
region of bistable behaviour. On increasing f˜s further,
the new fixed point destabilizes via a Hopf bifurcation,
leading to a single stable steady state. At even larger f˜s,
this stable fixed point disappears via a reverse saddle-
node bifurcation and the system become unstable. This
bistable behaviour arises due to the catchbonded nature
of the unbinding characteristics of dynein motors.
On decreasing f˜0 further, not only does the linearly
stable region become bigger, but even the region of lin-
early unstable configurations ( for intermediate values
of f˜s) are stabilized by a non-linear mechanism leading
to limit-cycle oscillations. This non-linear stabilization
arises purely due to dynein catchbonding. The bistable
regions also grow with decreasing f˜0, as shown in Fig. 2(c)
for f˜0 = 15.47. For even stronger catchbonding, where
the unbinding rate decreases sharply beyond fm (see Fig.
2(d)), the nature of the phase diagram remains similar,
except that the region of stable overlaps grows even big-
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FIG. 3. Limit cycle oscillations for (a) nc (red curve) and nb
(blue curve) and (b) l as a function of time. The figures show
that these quantities oscillate between nc ∼ 3−6, nb ∼ 20−26
and l ∼ 164 − 205 nm. (c) and (d) depict the variation of l
and nb with nc, respectively (red curves). The blue and green
dashed lines depict two sample trajectories with different ini-
tial conditions eventually falling onto the limit cycle. All the
curves are obtained for f˜s = 0.76, ∆n = 6, which corresponds
to a point denoted by ‘’ in the limit cycle region in Fig.2(d).
ger, as shown in Fig. 2(d) for f˜0 = 11.98 [21].
Limit cycle oscillations, as shown in Fig. 3, emerge
from a super-critical Hopf bifurcation as one destabilizes
a fixed point by increasing f˜s. The corresponding sus-
tained oscillations of nc and nb are displayed in Fig. 3(a)
and for l˜ in Fig. 3(b), while Fig. 3(c) and (d) display
the limit cycle behaviour in the nc − l and the nc − nb
planes, respectively. Qualitatively, in the linearly unsta-
ble region, force imbalance increases l, while nc decreases
from its fixed point value due to the increased propen-
sity of the crosslinked motors to detach, corresponding
to slip behaviour. As nc is further decreases, individual
motor loading forces increase and motors exhibit catch-
bonding, leading to prolonged attachment and favour-
ing motor reattachment, and eventually counterbalanc-
ing the entropic forces from passive confined proteins.
This arrests the increase in l and leads to the overall
force due to crosslinking motors overpowering the force
due to passive proteins, leading to a decrease of the over-
lap length. Effectively, dynein catchbonding results in
a negative feedback loop which leads to limit cycle os-
cillations. These limit cycle oscillations are robust even
under fluctuations of the order of the underlying energy
scales in the system (see Supplementary Material).
Experimental studies suggest that catchbond sets in
around the motor stall force, fm ' fs = 1.1 pN [20, 22].
Fig. 4 displays the phase diagram in the ∆n − f˜s plane,
when fs = fm. In the absence of catchbonding, Fig. 4(a),
a stable-to-unstable transition is recovered, cf. Fig. 2(a).
In the presence of catchbonding, e.g; decreasing fo,
5FIG. 4. Stability diagram when f˜s = f˜m for two different
values of f0, (a) in the absence of catchbond (very high value
of fo), and (b) presence of catchbonding, (f˜0 = 11.98). All
other parameters are same as Fig.2. The red solid curve corre-
sponds to the boundary between linearly stable (white region)
and linearly unstable regions (cyan region). The figure shows
that limit cycles (green area) develop only due to catchbond-
ing.
limit-cycle oscillations appear in the phase diagram, see
Fig. 2(b), where unstable overlaps are non-linearly sta-
bilized. The region with oscillatory behaviour increases
with enhanced catchbonding, i.e. decreasing f0.
For experimentally relevant parameters, the typical
period for limit cycle oscillations have a magnitude ∼
1− 20s, amplitude ∼ (0.05− 0.2)µm, and characteristic
overlap length in the range of 0.1−1µm (See Supplemen-
tary Material). These estimates lie within the observ-
able temporal and spatial scale of cellular processes and
points to their biological relevance in context of motor-
microtubule complexes in particular and more generally
in context of mitotic spindles.
In summary, in this letter we have investigated the
functional consequences of dynein motor’s catchbonding
on the stability of motor-MT complexes. We have found
that for a pair of overlapping antiparallel MTs subject
to sliding forces by dynein motors and entropic forces
by confined passive crosslinkers, the catchbond nature of
dynein unbinding from the MTs manifests as a generic
intrinsic mechanism that generates and stabilizes spon-
taneous oscillations, promoting also bistability in bio-
logically relevant regimes. Recent experiments report
catch-bond behavior for kinesin motors under horizon-
tal load forces [34]; hence, it would be interesting to an-
alyze whether catchbond-driven oscillations are present
for such kinesin-MT complexes as well. Controlled ex-
periments on immobilized MTs on glass surfaces devel-
oped recently [12] offer a promising experimental setup to
verify the specific implications of molecular motor catch-
bonding that we have elucidated in this letter.
The mechanism of nonlinear oscillations we have de-
scribed is distinct from previously reported oscillation
mechanisms for MT-motor complexes that arise from the
coupling of motor proteins in the cell cortex with the
overlapping MTs [13, 14], and shown to be relevant for
understanding mitotic oscillations in spindles [13, 35].
The range of oscillation frequency predicted (0.1-1 Hz)
lie in the same range of previously reported mechanisms
and on the experimentally observed oscillation frequency
range in the mitotic spindle during the metaphase of cell
division [36]. Since the mitotic spindle, in the metaphase,
is composed of overlapping MTs that interact with cor-
tical motor proteins, and are subject to sliding forces of
crosslinking motors e.g; dynein and Eg5 kinesin, as well
as to kinetochores and chromosomes [7, 11], clarifying
whether these distinct oscillation mechanisms can result
in resonances, with their potential implications for spin-
dle stability, remains an open challenge.
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Catchbond mediated oscillations in motor-microtubule complex
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EXPERIMENTAL PARAMETER VALUES
Parameter Value Parameter Value
fs 1-7 pN [1–3] kBT 4.2 pN-nm [8]
v0 0.1 µm/s [3] fd 0.67 pN [9, 10]
kb 1/s [4] f0 38.7 pN [9, 10]
k0u 1/s [5] α 68 [9, 10]
b 1.3 nm [6] fm 1.4 pN [9, 10]
 2kBT [7] Γ 10000 kBTs/µm
2 [11]
TABLE I. Characteristic magnitudes of the relevant model parameters that control the effective
behavior of MT complexes. Relevant references is indicated next to each listed magnitude.
LINEAR STABILITY ANALYSIS
We perform a linear stability analysis about the fixed point to obtain the linear stability
boundary separating regions of linearly stable overlap with the region for which the overlap
is not linearly stable. A linear stability analysis about the fixed point yields an eigenvalue
equation which has a cubic form,
λ3 + aλ2 + bλ+ c = 0
Focusing on the case for which one of the eigenvalue is real and negative, the other
two are complex conjugate, the linear stability boundary corresponds to the curve c = ab
which is obtained by making use of the fact that the real part of the complex conjugate
pair of eigenvalues change sign at the linear stability boundary. By analyzing the change
in behavior of the eigenvalues, the phase diagram that characterizes the different dynamical
behaviour of the MT-motor complexes can be constructed. When the real part of all the
eigenvalues are negative, the fixed point is linearly stable, and it corresponds to a region
of stable overlap of the complex. Moving across the curve c = ab, the real part of the two
of the complex conjugate eigenvalues, changes sign and consequently, separates a region of
linear stable overlap with linearly unstable overlaps.
2
VARIATION OF AMPLITUDE AND TIME PERIOD WITH f˜s
FIG. 1. Panel (a) and (b) shows the amplitude of oscillations of nc and l respectively while panel (c)
depicts the time period of limit cycle oscillations as a function of f˜s for ∆n = 1.5. The green dashed
line denotes the limit cycle boundary for the particular set of parameters. All other parameters
are same as Fig. 2(d) of main text.
We can also characterize the variation of the amplitude and the time period of the oscil-
lations in this regime for different values of fs. This is shown in Fig. 1 for a constant value
of the parameter ∆n. The finite amplitude of the nc and the l˜ oscillations in the beginning of
the limit cycle regions indicates that the bifurcation is sub-critical, reminiscent of first order
phase transitions. The time period of the oscillations shows an asymmetric decrease in time
period as we go deeper into the limit cycle region from the linear stability boundary. The
time periods of the oscillations are roughly of the order of 1-10 seconds, and the amplitude
of the overlap length oscillations are of the order of few hundred nanometers, both of which
are consistent with observed biological estimates of amplitudes and time periods of spindle
oscillations [12].
LIMIT CYCLE UNDER NOISE
In order to check the robustness of the limit cycle in noisy biological systems, we introduce
a random stochastic noise in the dynamics for the overlap length.
dl
dt
= −2v0 Θ (ncfs − Fp)
(
1− Fp
ncfs
)
+
Fp
Γ
+
√
2Dξ(t) (1)
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FIG. 2. Limit cycle oscillations in l˜-time plane (left panels) and in l˜−nc plane (right panels) when
a Gaussian white noise is introduced only in the time evolution of overlap length (Eqn. 1). The
values of diffusion coefficient used are D = 10−5 µm2/s (in (a) and (b)) and D = 10−4 µm2/s (in
(c) and (d)). All other parameter values are same as Fig. 3 of main text.
where ξ(t) is the Gaussian white noise, D = U
Γ
which characterises noise strength and U is
the corresponding energy scale.
Therefore the dimensionless evolution equation of overlap length is given by,
dl˜
dτ
= −2f˜sΘ
(
nc − Npζ
l˜
)[
1− Npζ
ncl˜
]
+
2Npζf˜s
2
l˜Γ˜
+
√
2D˜ξ(t) (2)
where D˜ = D
(
f˜s
v0
)2
.
Note that the coupling of the overlap length with the numbers of crosslinked and bound
motors through the dynamical equations implies that the evolution of nc and nb also has a
contribution from this noisy dynamics. We study the evolution of the dynamical equations
4
for different values of noise strength (D). This is shown in Fig.2. For small noise values,
D = 10−5µm2/s (U ∼ 0.1 kBT ), the limit cycle oscillations persist, as is shown in Fig.
2(a) for the overlap length, and the only effect of the noise is to smear out the limit cycle
boundary, as is shown in the l˜ − nc plane in Fig. 2(b). Increasing the noise strength by
an order of magnitude to D = 10−4µm2/s (U ∼ kBT ) further disrupts the oscillation, but
the underlying limit cycle behaviour is still apparent in this case, as is shown in Fig. 2(c)
and (d). Comparing with the binding energy scale of the passive crosslinkers,  = 2kBT ,
we see that the limit cycle oscillations seen in this system are extremely robust even under
fluctuations of the order of the underlying energy scales in the system.
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